Concentrations of trace metals were determined in the muscle tissue, digestive gland and gills of Mediterranean mussels (Mytilus galloprovincialis) collected from different locations around an offshore copper alloy fish farm. Levels of copper (Cu), zinc (Zn), manganese (Mn) and iron (Fe) as mg/kg wet weight in the edible part of the mussels collected from distant zone (upstream Zn7.33 > Fe2.8 > Cu0.13 > Mn0.07 and downstream Zn9.9 > Fe5.67 > Cu0.18 > Mn0.17) were significantly lower (p < 0.05) than those sampled from the cage zone (bottom panel Zn22.25 > Fe13.75 > Cu2.39 > Mn0.85 and cage frame Zn17.1 > Fe8.74 > Cu1.39 > Mn0.26). Trace metal concentrations in mussels were significantly higher (p < 0.05) in the samples from the frame and bottom panel of the copper alloy mesh pen, compared to those from distant areas, namely the farm affected downstream -and non-affected upstream locations. However, the rates of target hazard quotients (THQ) for all tested trace metals from all locations in the present study were smaller than "one" (THQ < 1), indicating that the consumption of mussels grown around a cage farm with copper alloy mesh pens were within safe limits and did not exceed maximum levels suggested by the US Food and Drug Administration (USFDA) and European Union (EU) regulations for seafood consumption.
Introduction
Mussel culture has become commercially important with the increasing trend of global seafood consumption in recent years, comprising an annual production increase of about 12% in year and about 21% from 2013 (FAO 2017 . Mussel farms are expanding in European coasts, with an annual production of 225,308 tons in Spain, 63,700-75,100 tons in Italy and France, 54,100 tons in the Netherlands, and 22,050 tons in United Kingdom (FAO 2017) . The production of the Mediterranean mussel (M. galloprovincialis) represents 21% of total mussel production of 495,974 tons in Europe (FAO 2017) . The Mediterranean mussel is a shellfish species widely distributed in coastal waters of the eastern Atlantic-Mediterranean waters and is mainly cultured in the Northwestern coastal waters of Spain and the northern coasts of the Mediterranean Sea (Stankovic et al. 2012) .
Despite the fact that mussels are excellent sources of nutrients, the accumulation of metals in the edible part over a long time can cause health problems for human when consuming contaminated mussels, which naturally inhabits near shore areas, where they are exposed to contamination mainly from terrestrial activities. Mussels are reported as excellent heavy metal bio-monitoring agents due to their tolerance to variations in the water environment or pollution, as well as their accumulation capability of metals or other contaminants , Stankovic et al. 2012 . The contaminant levels in mussels may provide information for toxicity risks to human health (Sivaperumal et al. 2007; Stankovi c et al. 2011 Stankovi c et al. , 2012 Jovi c et al. 2012; Hoo Fung et al. 2013; Bogdanovi c et al. 2014) . Trace elements are known as non-biodegradable chemicals, and cannot be metabolized or go through a break down process by the organisms (Kromhout et al. 1985) . The accumulation amount of metals in mussels at threshold limits is therefore an important measure for the assessment of human health risks since chronic exposures to trace metals are associated with health problems as a long-term effect in human (IOM 2006) . Above the threshold limits, all trace metals can be toxic to human however Cu, Zn, Mn and Fe are some of the essential trace elements essential for life (IOM 2006) .
Earlier reports on adopting copper alloy mesh (CAM) technology in aquaculture provided information on technical benefits (Tsukrov et al. 2011; Gonz alez et al. 2013) , economic improvements (Gonz alez et al. 2013) , prevention of biofouling (Tuthill 1987; Lowell 2012; Drach et al. 2013; Chambers et al. 2012; Carvalho et al. 2014; Braithwaite and McEvoy 2004) , improvement of fish welfare with reduced stress conditions (Gonzal es et al. 2013; Lowell 2012; Wilks et al. 2006) , and the reduction of environmental impacts compared to nylon net pens (Dwyer and Stillman 2009; Ayer et al. 1997; Lee et al. 2015) . Nevertheless, whether CAM is a safe material for cage farming in regards to affecting living organisms in the surrounding environment or human health when consuming these marine products, is a question that still remains to be answered.
The present study aimed to assess bio-accumulation of trace metals in tissues of mussels grown around CAM cage systems with the attention to individual dietary exposure of human to trace metals and their effects on health risks when consuming these mussels.
Methods and materials

Experimental site and sampling locations
The offshore cage farm consisted of a 2 £ 2 bay submerged grid system moored to sea bottom (average depth 45 m) with 12 anchors of 500 kg deadweight in Figure 1 ).
An antimicrobial wrought copper-zinc brass alloy with the ASTM designation of C44500 has been formed into a mesh of 3.0 cm for the fish pen. The results of the analyses of the copper-alloy material given by the German Copper Institute are presented in Table 1 .
Mediterranean mussels (M. galloprovincialis) naturally settled over the four years of period (December 2010-December 2014) near and around the CAM cage system were monitored and analyzed for the assessment of bioaccumulation of trace element in the soft tissue of mussels. Four sampling locations were chosen as; (1) Upstream (un-affected distant area), (2) Downstream (affected distant area), (3) Cage frame, and (4) Cage bottom.
The upstream sampling station was chosen as un-affected location (sampling station 1), whereas the downstream area was an affected location (sampling station 2) which was under action of the water currents flowing through the CAM pen system. Both upstream and downstream sampling locations were 50 m in distance from the CAM pens, and mussel samples from these locations were collected from submerged ropes, while cage frame samples (location 3) were collected from the floating upper rim of the high density polyethylene (HDPE) cage construction and the cage bottom samples (location 4) from the horizontal bottom panel of the CAM pen. All samples were collected at a depth of 6 m from water surface, except the cage frame samples (location 3), which were obtained from 30 cm below water surface of the floating rim. The sampling stations will be named as upstream area (UA), downstream area (DA), cage frame (CF) and cage bottom (CB), respectively hereinafter.
Physico-chemical measurements of water quality parameters and analytical methods
Tertian measurements of seawater temperature, salinity, and pH in the sampling locations at a depth of 6 m from surface were performed during the course of the study by YSI 6600 MPS multi-parameter analyzer. Only the measurement at location 3 (cage frame) was performed at a depth of 30 cm below water surface. Measurements of dissolved oxygen (DO) were conducted by Winkler Method. Spectrophotometric determination of nitriteCnitrate (NO ¡ 2 CNO ¡ 3 ), and ammonia (NH 4 ) was performed according to Strickland and Parsons (1972) , while the analysis of soluble reactive phosphate (PO 4 ) was done using spectrophotometry according to Parsons et al. (1984) (Table 2) .
A total of 260 mussels, 65 mussels from each location were randomly sampled and stored in polyethylene bags and frozen at ¡20
C for further analysis of metal concentrations in different tissues (muscle tissue, digestive gland, gills) of the soft tissue of mussels. All analyses were conducted in triplicate, where trace elements Cu, Zn, Mn and Fe in soft tissues of mussels naturally settled and grown at different locations around the CAM pen were determined using Atomic Absorption Spectrophotometry at the Laboratories of the Faculty of Marine Science and Technology at Canakkale Onsekiz Mart University, Canakkale-Turkey. Metal concentrations of the soft tissue, considered as the edible part of mussels were used for the evaluation of possible transfer of metals to the human body through mussel consumption. Other data obtained for different tissues of mussels (muscle tissue, digestive gland, gills) were used for the determination of metal uptake, and the status of the four metals in these tissues. Initially, all tissues (muscle tissue, digestive gland, gills) were rinsed and oven dried until constant weight, digested in 5 ml of concentrated nitric acid, and diluted to 20 ml with deionized water for metal analyses. Blank digest was also carried out in the same way. The metal analyses were performed by Atomic Absorption Spectrophotometry. Following wavelengths of the Absorption Spectrophotometry analysis were used: Cu 324. 754, Zn 206.191, Mn 259.373, Fe 259.941 . Dogfish muscle certified reference material for metal analysis (DORM-2) was used to calibrate the Atomic Absorption Spectrophotometry prior to metal analysis of mussel samples. DORM-2 and lobster hepatopancreas reference material for metals (TORT-2) were purchased from the National Research Council (NRC) in Canada. The concentrations found were within 90-115% of the certified values for all measured elements. Percentage tissue moisture content was calculated from wet and dry tissue weights, and all the metal concentrations were expressed as mg/kg.
Human exposure to trace metals by mussel consumption and assessment of health risk
The exposure of a human to trace metals by consumption of mussels naturally grown around CAM cage system was estimated with actual measurement data for Cu, Zn, Mn and Fe using equations given by the US Environmental Protection Agency (US-EPA 2000) . Estimated daily consumption rates (EDC, mg/day/person) were calculated based on concentrations recorded for trace metals in the edible part of the mussels (C m , mg/kg) and the average daily intake rate of mussels by human (IR, kg/day) using the following formulation:
The equation above was then converted into mg/kg/day by dividing the result with body weight of an individual adult human consumer (BW a ), which was assumed as 70 kg, based on the average weight of adult males and females in the European community (Walpole et al. 2012) :
The comparison of individual exposure to a single metal (IE, mg/kg day) with tolerable upper limits (TUL, mg/kg day), which represents the total intake from food, water and dietary supplements, was performed by using individual risk ratio (IRR, mg/kg-d), known as the total exposure to a specific metal, and estimated with the formulation given by US-EPA (1999):
The maximum allowable daily consumption limits (MADCL, kg per day) have been estimated on the basis of the TULs and the metal concentration in the edible part of mussel by the equation given below according to US-EPA (2000):
The maximum allowable mussel consumption rate (MACR, meals per week) was calculated by the conversion of MADCL values into meal size (MS, 0.227 kg mussel/meal) as kg per week, using the following formulation:
The target hazard quotient (THQ) is a widely used risk index for the risk assessment of metals in marine products, and compares the intake of a metal through consumption with a standard reference dose. The THQ for non-carcinogenic effects was estimated using the equation reported by US-EPA (1989) . The IRR, that is another expression of the THQ, is based on the ratio between the exposure to individual metals and the TULs, i.e., the maximum reference dose. For the evaluation of extreme exposures to individual metals in the present study, it was assumed that an adult European person with an average weight of 70 kg (Walpole et al. 2012 ) was exposed daily to contaminated mussels for an entire life span of 50 years (IOM 2006) in order to estimate the THQs with the formulation given below:
The ExF value in the above given formulae is the exposure frequency in a year of 365 days/year for people who consume mussels every day (days/year), and ExDt is the exposure duration (year), IR is the daily mean intake rate in g/day, the ATn is calculated as ExF £ ExD t , showing the average time for non-carcinogens (day; ExD t £ 365 d/year), and 10
¡3
is the unit conversion factor.
Total hazard index (THI) was calculated as a sum of all THQs of the measured metals, for the evaluation of the risk assessment of multiple metals investigated in mussel meat, using the equation reported by Jian et al. (2013) (the n value was "4" in the present study).
Statistical analyses
Data were given as mean § SD for each of the measured variables. Statistical significance (p < 0.05) of trace metal concentrations in mussels were tested using one-way ANOVA followed by a Duncan multi-comparison test (Duncan 1955 ) using SPSS 17.0 software package. Prior to the statistical analyses, all data were subjected to normality and homogeneity tests.
Results
Mussels collected from the farm-affected downstream location (39.04 §9.9 g) and the cage bottom panel (41.75 § 8.21 g) were 32-41% and 478-518% larger than those collected from the unaffected upstream area (29.58 § 7.79g) and the cage frame close to the surface (6.75 §1.09g), respectively. The average concentrations of the investigated trace metals in the soft tissues of Mediterranean mussels (M. galloprovincialis) are given in Table 3 . Among the trace metals analyzed in mussels from all sampling locations in the present study, mean Cu levels were significantly lower (p < 0.05) than those accumulated in the digestive gland or gills. T accumulation pattern showed the highest levels of Cu, Zn, Mn, and Fe in the samples collected from the cage bottom, which was followed by the samples from the cage frame, downstream and upstream locations, respectively. Overall, the levels of Cu, Zn, Mn, and Fe in the muscle tissue, digestive gland or gills of mussels from the upstream -and the downstream area were significantly lower (p < 0.05) than those sampled from the cage frame and cage bottom locations. All trace metal concentrations in the present study were converted into wet weight basis, for the comparison of the analyzed metals with the legal limits regulated by law based on various international standards as these are given as wet weight basis (Table 4) . Considering all trace metals in the edible part of the mussels collected from all sampling locations in the present study, the mean values recorded decreased in the order of: Zn > Fe > Mn > Cu. All average Table 3 . Metals (mg/kg) in muscles tissue, digestive gland, gills and total edible part of mussels from different locations around copper alloy cage system. Values (means § SD, n D 50) with different superscripts in same column are significantly different at 5% level. Upstream (un-affected distant Area: 50 m upstream distance from cage, 6 m below surface (Individual mean weight of mussels D 29.58 § 7.79 g). Downstream (affected distant area: 50 m downstream distance from cage, 6 m below surface (individual mean weight of mussels D 39.04 § 9.9 g). Cage Frame: HDPE cage frame, 30 cm below surface (individual mean weight of mussels D 6.75 § 1.09 g). The average concentrations of trace metals (Cu, Zn, Mn and Fe, mg/kg dry basis) investigated in the present study for the Mediterranean mussel were compared with earlier reports from the Mediterranean sea and other areas and given in Table 5 .
The values for the dietary reference intakes (DRI) of trace metals, estimated daily consumption (EDC) rates and the individual risk rates (IRR) through the consumption of mussels grown around the CAM cage system are given in Table 6 , and the rates of maximum allowable daily mussel consumption limit (MADCL), maximum allowable mussel consumption rate (MACR), and target hazardous quotients (THQ) estimated based on the trace elements in the edible part of the mussels are illustrated in Table 7 . 
Discussion
In the present study, Cu, Zn, Mn and Fe levels in all the samples (0.13-2.39 mg/kg, 7.33-22.25 mg/kg, 0.07-0.85 mg/kg, and 2.80-13.75 mg/kg, respectively) of mussels collected from different locations around the CAM cage system were 1.5 to 150 fold lower than the permissible upper boundary reported by various international standards (FAO/WHO 1989; WHO 1989; MAFF 1995; TFC 2008) . All analyzed metal concentration (Cu, Zn, Mn, Fe) in mussel samples from the upstream (UA) or downstream area (DA) were extremely lower than those of the cage frame (CF) and cage bottom (CB) samples.
Copper is available in the natural environment and is known as an essential element for growth and metabolism of all living organisms (Eisler 1998) . Erdo grul and Ates (2006) also reported that Cu as essential for physiological mechanisms in most organisms. However, Cu can be toxic at high levels, and in living organisms Cu concentrations can increase with the consumption of contaminated marine products. The increase of Cu in near shore areas may occur due to industrial activities which might cause Cu loads in the surrounding water and sediments (Miramand and Bentley 1992) , resulting in Cu accumulation in the species inhabiting the area. Our results in the present study shows that the average Cu levels in the edible part of the mussels (wet weight basis) ranged from 0.13-0.18 mg/kg in the UA and DA to 1.39-2.39 mg/kg in the CF and CB samples, which were far below the FAO guideline of 30 mg/kg, given for human health risk concerns (FAO/WHO 1989) . The concentrations of Cu in all tissues (muscle, digestive gland and gills) of the mussels were below this value. Comparing Cu levels with earlier reports (Table 5) it is possible to figure out that Cu concentrations found in the present study were comparable with those reported by Conti and Cecchetti (2003) (2011), and Spada et al. (2013) . Copper concentrations in the gills (0.08-5.26 mg/kg) and digestive gland (0.50-4.89 mg/kg) of the mussels analyzed from all sampling locations were within the range of previous report of Giarratano et al. (2011) for gills (1.9-5.6 mg/kg) and digestive gland (3.16-13.14 mg/kg) in Blue mussels (Mytilus edulis) from an industrial zone. found similar Cu levels in the gills (2.7-4.5 mg/kg) and digestive gland (3.0-7.2 mg/kg) of mussels from a commercial mussel farm, while Stien et al. (1998) found higher levels of Cu in the digestive gland (8.6-9.7 mg/kg) of caged Mediterranean mussels. Belcheva et al. (2015) also reported higher levels of Cu for the gills (7.6-13.4 mg/kg) and digestive gland (12.0-24.9 mg/kg) in Mediterranean mussels from non-polluted locations, while the authors recorded higher levels of Cu in the gills (15.7-448.0 mg/kg) and digestive gland (24.1-89.3 mg/kg) of mussels from a polluted area. Gagnon et al. (2006) found Cu levels of 14.3 mg/kg in the gills and 15.4 mg/kg in the digestive gland of Elliptio complanata mussels, exposed to waste-water plume.
The dietary reference intake (DRI) dose of total upper limits (TUL) for Cu is given as 10.0 mg/day/person (IOM 2006) . The EDC rates found in the present study for Cu (0.0006, Table 7 . Maximum allowable daily mussel consumption limit (MADCL), maximum allowable mussel consumption rate (MACR), and target hazardous quotients (THQ) of metals by consuming mussels grown around copper alloy mesh pens. For the estimations, total mussel tissues were considered as the edible part. 0.0008, 0.0065, 0.0111 mg/day/person) through the consumption of mussels collected from upstream area, downstream area, cage frame or cage bottom, respectively, were lower than the values of US-IOM (IOM 2006) guidelines. The findings for the individual risk rates (IRR) in the present study show that the degree of the exposure to Cu was lower than the TUL reported by the US-IOM (IOM 2006) guidelines. The maximum allowable daily consumption limits (MADCL) per day or maximum allowable consumption rates per week (MACR) estimated based on the TUL and Cu in mussels, were highest in the samples collected from the upstream location, followed by those from the downstream area, the cage frame and cage bottom. Ahmed et al. (2015) reported that Zinc is an essential micronutrient for both animals and humans and acts as a cofactor for around 300 enzymes, responsible for certain biological functions in all marine organisms. However, excessive dietary intake of Zn has been reported to cause electrolyte imbalance, nausea, anemia, or lethargy (Prasad 1984) . In the present study, highest concentration of 17.10 and 22.25 mg/kg for Zn were recorded in the edible part of the mussels (wet weight basis) collected from the CF and CB locations, while lower Zn levels of 7.33 and 9.90 mg/kg were measured in the samples from the US and DS stations. The upper limit of Zn reported by FAO/WHO (1989) is 40 mg/kg, which is far beyond the values measured in the present study. Similar to our findings, Brooks et al. (2012) reported Zn concentrations between 13.3-15.2 mg/kg (wet weight basis) in whole Mediterranean mussels.
When comparing the findings of earlier studies from different areas in the Mediterranean sea (Table 5) it is possible to see that mussel Zn levels recorded in the present study were higher than those observed by Kucuksezgin et al. (2008) , while similar to the Zn concentrations in the mussels from the Adriatic Sea (Orescanin et al. 2006; Gorbi et al. 2008; Spada et al. 2013) . Stankovi c et al. (2011) reported Zn levels between 135.0-210.0 mg/kg in wild Mediterranean mussels, and between 180.8-186.2 mg/kg in cultured mussels, which were higher than our results. The concentrations of Zn in the digestive gland (25.2-57.1 mg/kg) of the mussels analyzed from all sampling locations were within the range of previous findings of Giarratono and Amin (2010) (41.6-83 .3 mg/kg) in Blue mussel (M. edulis) from a commercial mussel farm. Higher levels of Zn were reported in the digestive gland (42.2-82.8 mg/kg) and the gills (189.5-341.0 mg/kg) of blue mussels from and industrial area (Giarratono et al. 2011 ). Giarratono et al. (2010 and Stien et al. (1998) also found higher levels of Zn in the gills (83.9-280.6 mg/kg) and digestive gland (55.4-102.5 mg/kg) of blue mussels and in digestive gland (124.0-151.0 mg/kg) of Mediterranean mussel, respectively, compared to our findings. Similarly, Belcheva et al. (2015) recorded higher levels of Zn in the gills (75.0-272.0 mg/kg) and digestive gland (90.4-229.0 mg/kg) in Mediterranean mussels from a polluted location. Gagnon et al. (2006) reported Zn levels of 292.5 mg/kg in the gills and 134.2 mg/kg in the digestive gland of Elliptio complanata mussels, exposed to waste-water plume.
The dietary reference intake (DRI) dose of total upper limit (TUL) for Zn is reported as 40.0 mg/day/person (IOM 2006) . The EDC rates found in the present study for Zn (0.0342, 0.0461, 0.0797, 0.1037 mg/day/person) through the consumption of mussels collected from upstream area, downstream area, cage frame and cage bottom, respectively, were lower than the values of US-IOM (IOM 2006) guidelines. The findings for the individual risk rate (IRR) in the present study show that the degree of the exposure to Zn was lower than the TUL reported by the US-IOM (IOM 2006) guidelines. The MADCL per day or MACR estimated based on the TUL and Zn levels in mussels, were highest in the mussels collected from the US location, followed by those from the DS area, CF and CB locations.
Manganese is known as an essential element for both animals and plants, and the deficiency of Mn may results in serious reproductive or skeletal abnormalities in organisms (Sivaperumal et al. 2007 ). The concentrations of Mn in the edible part of the mussels (wet weight basis) collected from the UA (0.07 mg/kg) and the DA (0.17 mg/kg) were lower than those sampled from the CF (0.26 mg/kg) and the CB (0.85 mg/kg) locations in the present study, which were far below the stipulated limits (1 mg/kg) reported by (WHO 1989) . As shown in Table 5 , Mn levels were much higher than those reported for the mussels from the Marmara Sea (Topcuo glu et al. 2004 ), Adriatic Sea (Orescanin et al. 2006 , Gorbi et al. 2008 , and Aegean Sea (Kucuksezgin et al. 2008 ) but lower than Mn levels reported by Giusti and Zhang (2002) and Joksimovic et al. (2011) for the mussels from the Adriatic Sea. Regoli and Orlando (1994) reported Zn concentrations of 44 mg/kg in Mediterranean mussels from an unpolluted area while higher levels of up to 300 mg/kg from a polluted area.
The DRI dose of TUL is reported as 11.0 mg/day/person for Mn by IOM (2006) . In the present study, the EDC rate found for Mn (0.0003, 0.0008, 0.0012, 0.0040 mg/day/person) by the intake of mussels collected from US area, DS area, CF and the CB locations, respectively, were lower than the values from US-IOM (IOM 2006) guidelines. The findings for the IRR in the present study, demonstrates that the degree of the exposure to Mn was lower than the TUL given by the US-IOM (IOM 2006) guidelines. The MADCL per day or MACR per week for Mn in the mussels were highest in the samples collected from the US location, followed by those from the DS area, the CF and CB locations.
Iron is an essential element for human and animals, improving the oxygen binding and carrying capacity in transferring oxygen to the tissues of the organisms. The redox flexibility of iron can be a negative consequence due to its production of oxygen free radicals that are toxic to the organism (Bury et al. 2003) . The excessive level of iron in the tissues may be toxic and cause negative influences on fish health (Dalzell and MacFarlane 1999) . The upper limit of Fe is given as 100 mg/day wet basis by WHO (1989) , which is almost 10 fold higher than the highest concentration of Fe (13.75 mg/kg) measured in the mussel collected from the CB in the present study. The concentrations of Fe in the edible part of the mussels (wet weight basis) collected from the UA (2.80 mg/kg) and the DA (5.67 mg/kg) were lower than those sampled from the CF (8.74 mg/kg) and the CB (13.75 mg/kg) locations in the present study, which were far below the stipulated limits (100 mg/kg) reported by (WHO 1989) . Brooks et al. (2012) reported Fe concentrations between 11.0-11.7 mg/kg wet weight basis, which are in agreement with the findings in the present study. From the comparison in Table 5 , it can be noted that Fe concentrations in the edible part of mussels (dry basis) from all sampling stations in the present study (24.3 and 82.0 mg/kg) and fell in the range of earlier Mediterranean reports from the Adriatic Sea (Gorbi et al. 2008 ) and the Aegean Sea (Kucuksezgin et al. 2008 ), but lower than Fe levels in mussels from the Adriatic Sea (Giusti and Zhang 2002; Orescanin et al. 2006; Joksimovic et al. 2011) , and the Marmara Sea (Topcuo glu et al. 2004) . Iron levels in the gills (5.78-29.4 mg/kg) and digestive gland (7.91-26.2 mg/kg) of the mussels analyzed from all sampling stations were lower than earlier reports of Giarratono et al. (2010) for gills (80.1-159.2 mg/kg) and digestive gland (381.4-887.7 mg/kg) in blue mussels sampled from an Industrial zone. A year later, Giarratono et al. (2011) investigated the same industrial area and found increased Fe levels in the gills (74.2-259.8 mg/kg) and digestive gland (250.3-1333.4 mg/kg) of blue mussels sampled from various locations of the same industrial region with. Furthermore, Giarratono and Amin (2010) found Fe levels between 69.5-142.8 mg/kg in the gills and between 201.6-969.1 mg/kg in the digestive gland of cultured individuals from a commercial mussel farm. Regoli and Orlando (1994) reported Fe concentration of 120 mg/kg in Mediterranean mussel from a non-polluted area, while the level increased up to 8500 mg/kg in the digestive gland of the mussels from a polluted zone.
The DRI dose of TUL is given as 45.0 mg/day/person for Fe (IOM 2006) . The EDC rate recorded for Cu (0.0006, 0.0008, 0.0065, 0.0111 mg/day/person) in the present study through the consumption of mussels collected from US area, DS area, CF and CB, respectively, were lower than the values of US-IOM (IOM 2006) guidelines. The findings for the individual risk rate (IRR) in the present study show that the degree of the exposure to Fe was lower than the TUL reported by the US-IOM (IOM 2006) guidelines. The MADCL per day or MACR per week estimated by the TUL and Fe level in the mussels, were highest in the samples collected from the US location, followed by those from the DS area, the CF and CB locations.
In general, higher accumulation of trace metals (Cu, Zn, Mn, and Fe) in the mussels settled and grown at locations close to the CAM cage were observed compared to those grown at distant locations, both the upstream or downstream areas. These results indicate that mussels are loaded with higher levels of trace metals when settling closer to the CAM pen, however considering the long term settlement of the mussels for four years, all analyzed metals in the mussels collected from various locations of the cage farm were far below the upper permissible limits set by different international standards, providing evidence for the safe use of copper alloy mesh as a net material in cage aquaculture. Additionally, for all metals investigated in the present study, MADCLs and MACRs were lowest for the mussels collected from the cage bottom, while highest for those from the upstream area. Even though, the MADCLs or MACRs for mussels collected from all sampling locations around the fish farm with copper alloy mesh were reasonably high without any health risks up to 78.7, 56.8, 7.2, 4 .2 kg/day/person (upstream area), 5.5, 4.0, 2.3, 1.8 kg/day/person (downstream area), 152.8, 64.3, 43.1, 12 .9 kg/day/person (cage frame), and 16.0, 7.9, 5.2, 3.3 kg/day/person (cage bottom) consumption of mussels as regards to Cu, Zn, Mn, and Fe, respectively. These allowable daily consumption limits found in the present study are far beyond the daily mussel consumption per capita of 4.65 g/capita/day (Failler et al. 2007) in the European population.
Tolerable upper limits instead of recommended daily allowances (RDA) were used in the estimation of individual risk ratio (IRR) in the present study. The RDA is a value below which potential health risks may occur because of deficiencies and recommends a minimum intake of essential trace elements necessary to maintain health condition. For example, the RDA for copper in an adult human is given as 0.9 mg/day/person, whereas the upper limit for copper is reported as 10 mg/day/person (NHMRC, 2005) , which is the highest average daily consumption level possibly to have no risk of adverse health conditions (FDA 2016) . It can be estimated from EDC rates in the present study, that an adult human could only meet 0.013% to 0.94% of the minimum daily requirements for the essential trace elements (Cu, Zn, Mn, and Fe) by consuming the mussels collected around the fish farm using copper alloy mesh cage. Additionally, the EDC rates were compared with the TULs in order to designate the risks by consuming too much of the mussels collected from the mariculture site with CAM pens. When consuming very high amounts of mussels at TUL levels, an adult human might consume only 0.006% to 0.259% of the health risk upper limits for the trace elements analyzed in the present study.
In the present study, target hazard quotients (THQ; 0.00006-0.00259), which is the ratio between the exposure to the each metal and the RDAs for an adult human of 70 kg (Walpole et al. 2012) , and the hazard indexes (HI; 0.001-0.006), that is the sum of all THQs calculated for the trace metals were found as far below the risk level of "1". Hence, THQ or HI values smaller than one (THQ<1) indicates that all trace metals investigated have not shown possible health risks from consumption of the mussels collected at different locations around the marine aquaculture site with CAM pens under the conditions applied in the present study.
As a conclusion, it can be noted that trace metals in the mussels grown around a fish farm with copper alloy mesh were below the threshold levels without adverse effects of human health risks, which in opposite might support the minimum daily requirements for these essential trace elements in human diets.
